The dynamic characteristics of a beam under active control to minimize the coupled sound radiation is investigated. The beam is subjected to a harmonic point force and the resulting radiated field minimized by utilizing a piezoceramic actuator as control input. The error information from the acoustic medium is obtained by placing a single microphone in the acoustic far field. A feedforward control approach is used to derive the optimum control input applied to the actuator. The analysis shows that when the error microphone is placed along a line perpendicular to the radiating surface, the controlled structure has new eigenvalues and eigenfunctions. The controlled system eigenproperties are only a function of the control force location and independent of the disturbance input. A numerical example demonstrates the applicability of the formulation. The numerical results are also corroborated experimentally using a feedforward controller implemented on a TMS320C20 DSP processor.
INTRODUCTION
Sound radiated by vibrating structures is a persistent problem in numerous industrial applications, and it has long been a subject of research interest in the acoustic community. The common practice to attentuate the noise field involves the redesign of the radiating structure. However, this passive technique often results in a much heavier system due to an increase in mass and it may not always be effective at low frequencies. In recent years, considerable effort has been devoted to develop techniques for active control of low-frequency structurally radiated sound. The dynamic characteristics of feedforward controlled elastic structures in vibration suppression have recently been investigated by Burdisso and Fuller. 9'1ø They have shown for a single-input, single-output (SISO) system that the controlled system has new eigenproperties, and that instabilities in the feedforward algorithm occurs at the controlled system natural frequencies. The main aim of this paper is to extend this analysis when feedforward active control techniques are used for attenuating structurally radiated sound fields. To this end, the analysis from Reft 9 is applied to the active control of sound radiated from the baffled simply supported beam of Fig. 1 . The beam is excited by a harmonic point force and the radiated sound field is sensed by a microphone placed in the acoustic field. The control source is a piezoceramic pair mounted on each side of the beam surfaces and wired out-of-phase such that the forcing function is equivalent to a pair of bending moments. 1•-•3 The control input is obtained by feeding forward fully coherent information obtained from the same noise disturbance through the compensator or controller G(co). The compensator, that gives the optimum complex amplitude to the control input, is determined so as to minimize the mean square of the sound pressure at the microphone location.
The analysis presented here gives insight into this problem and shows that the controlled system (i.e., the structural-acoustic system) effectively behaves as having new properties. It also contributes to the design of"smart" struc- tures with embedded sensors and actuators. In many applications, the placement of an error microphone in the acoustic medium is impractical or simply not possible. Thus the development and design of structural sensors to replace the error microphone is sometimes desired. In order to have a properly designed structural sensor equivalent to a microphone in the acoustic field, the controlled system dynamics with the use of an error microphone must be first studied and understood in detail.
I. BEAM RESPONSE AND RADIATED FAR-FIELD

PRESSURE
The response of a beam subjected to a harmonic input can be given as a linear combination of the modes as follows: 
where H,, (co) is the nth modal frequency response function (FRF); co,, and r/,, are the nth natural frequency and modal damping ratio, respectively; and F is the amplitude of the disturbance force applied at xd. Equation (2) assumes the mode shape to be normalized with respect to the mass distribution, rn (x). That is, they satisfy the orthogonality condi-
where 6 ....is the Kronecker delta function and L is the beam length. The beam response due to the input force F is then assumed to be controlled by the secondary load, given by a bending moment pair, with complex amplitude P. Then, by the superposition principle, the combined or total system response becomes Hence, the beam response is given by Eq. (4) while the far-field-radiated pressure is expressed by Eq. (10). From these two equations the optimum complex amplitude P to minimize the radiated sound pressure can now be derived as presented in the following section.
II. OPTIMUM CONTROL FORCE
In feedforward control, the optimum complex amplitude of the control force P is defined so as to minimize a quadratic cost function of a measurable response quantity. Here, the radiated sound pressure is sensed by placing an error microphone in the far field with polar coordinates (re,Oe,fe). Then, the optimum control complex amplitude P is obtained by minimizing the mean-square value of the pressure at the error microphone location. The mean-square pressure is obtained as
where an asterisk (.) over a complex quantity denotes it's complex conjugate. This cost function is a positive definite function with respect to P, and therefore there exists only one minimum. By differentiating Eq. (12) On the other hand, Fig. 4 (a) shows that the controlled beam presents resonant behavior at different frequencies from the beam with no control. The far-field radiation in Fig. 4(b) first shows the sound in the direction of error microphone is completely canceled at all frequencies. This is indicated by the notch in radiation pattern at an angle perpendicular to the beam plane x-y. Second, global attenuation of radiated sound cannot be achieved at frequencies where the controlled beam exhibits resonant behavior. Thus, for a particular feedforward control system design, as defined by the control input and error microphone placement, global attenuation of the acoustic field is possible only over some frequency ranges. For example, the control design in Fig. 2 achieves global attenuation of radiated sound in the ranges 0-100 Hz and 180-440 Hz. Thus it is important to develop a formulation to predict the dynamics of the system under active control. This is investigated in the next sections.
III. DYNAMIC BEHAVIOR OF CONTROLLED SYSTEM
The dynamic characteristics of the controlled beam will now be investigated. For this analysis, we assume the system to be undamped although the introduction of damping is 
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The analysis presented here demonstrates that when the error microphone is placed perpendicular to the radiating surface, the controlled system has new eigenvalues and eigenproperties. The controlled system eigenproperties are only functions of the control force and error microphone location and independent of the disturbance load. When the error microphone is located elsewhere, the function D(co) is no longer a polynomial in co2 and the controlled modal coordinate cannot be expanded as the linear contribution of the response of (N-1 ) single DOF oscillators as in Eq. (19). However, again some insight into its dynamics can be gained by investigating the denominator of the controller in Eq.
(13), and this is the subject of future research.
The formulation presented can also contribute to the design of a structural sensor to replace the error microphone. For a structural sensor to be equivalent to an error microphone within a frequency range, its rnth modal influ- Table I. To compare the theoretical versus experimental control results, an adaptive feedforward control system was implemented. The block diagram of this control system is given in Fig. 5 . The control approach was based upon the "filtered-X" version of the LMS algorithm as described in Refs. 18 and 19. The algorithm was coded in assembly language and downloaded on a PC based TMS320C20 digital signal processor. As can be seen in Fig. 5 , the control system adapts the coefficients of a finite impulse response (FIR) control filter based upon the error microphone signal e (t) and the x (t) signal filtered by the transfer function between the control input and error microphone T,.. Since the noise signal is a pure tone sinusoidal, only two coefficients were used in the FIR filter. The reference signal was taken from the same function generator as the noise signal, thus providing a coherent control signal with the disturbance. The roots of the polynomial D(co ) in Eq. ( 17 ) were next computed by using the IMSL routine ZPOLR, and they are presented in Table II . As shown in the formulation, the controlled system has one less dynamic degree of freedom than the original beam. Since we have included ten uncontrolled modes in the analysis, there are nine controlled eigenvalues or roots. The last column in Table II The sound radiated by a structure is the contribution of all the supersonic structural wave components ks < ko where and ko are the structural and acoustic wave numbers, respectively. A structural wave number ks = 0, that corresponds to the net volume displaced by the structure, will radiate uniformly into the acoustic field at an angle of 0 = 0 ø. Consequently, this supersonic component is observable by any error microphone located in the acoustic field, and thus it will be canceled by the control input. Then, the wave number spectrum of the controlled system response will be zero at ks = 0, and thus the net volume of fluid displaced is zero. Since the controlled system response is a linear combination of the modes, each mode shape must be nonvolumetric. Table II is presented in Fig. 9 (a)-(e) . The analytical results show the radiated sound pressure in the controlled case (continuous line) to be globally the same or higher than in the uncontrolled case, even though the sound pressure at the error microphone is completely canceled. Good agreement is also observed between the analytical and experimental results except in Fig. 9(a) and (b) . These last two plots correspond to the first and second controlled natural frequencies at 121 and 156 Hz, where the test chamber is far from anechoic. However, they are presented for completeness.
V. CONCLUSIONS
The dynamic behavior of a SiS¸ feedforward control system in active control of radiation was investigated. When the error microphone is placed along the normal direction with respect to the radiating surface, the controlled system response is then expanded in terms of new mode shapes and natural frequencies. The controlled system eigenvalues are obtained by solving the roots of a polynomial, which is the characteristic function of the controlled system. The associated mode shapes are then computed as a linear combina- tion of the uncontrolled modes. Experiments have confirmed the analytical prediction for closed loop modes, their natural frequencies and their associated radiation patterns. Radiation control from a simply supported beam was analytically and experimentally investigated. The error microphone was placed along a line perpendicular to the beam surface. Global attentuation of the noise field was shown to be only possible at frequencies away from the controlled system natural frequencies. At the natural frequencies of the controlled system, the sound radiation will in fact be increased even though local attenuation at the error microphone is always realizable. This highlights the importance of having a formulation to predict the resonant condition of the controller-beam system. This formulation can also provide the basis for the development of a structural sensor to replace the error microphone. = --m(w,, ) dx + -•-M(w,, ) 
